We study field induced quantum phase in weakly-coupled ferromagnetic frustrated chain LiCuVO 4 by neutron diffraction technique. A new incommensurate magnetic peak is observed at H ≥ 8.5 T. The field dependent propagation vector is identified with the spin density wave correlation in the theoretically predicted magnetic quadrupole order. Quantum fluctuation, geometrical frustration, and interchain interaction induce the exotic spin density wave longrange order in the insulating magnet.
The former exhibits magnitude modulation with the characteristic wave vector 2k F = 2πρ, where ρ is the density of bound two-magnon, ρ = 1/2(1/2− S z ). constants and η is Luttinger parameter. 9) Recent numerical studies exhibit magnetization vs J 1 /J 2 phase diagram and the quadrupole phase in fact persists down to rather low magnetic field. [9] [10] [11] In addition the phase consists of two states, SDW2 in lower field where s z 0 s z l is dominant and nematic in higher field where s
is dominant. In both states transverse two spin correlation is short ranged and decays exponentially.
In most quasi-1D magnet weak interchain interaction induces magnetic LRO at low temperature but it inherits quantum nature. In case of VC phase, spiral order in which the magnitude of the magnetic moment is strongly suppressed due to quantum fluctuation would be induced. In case of SDW2, LRO of the longitudinal spin correlation would appear with propagating wave vector k 2 = 2k F . 12) The former is a good analogue for classical spin system but the latter is a totally novel state induced by frustration and quantum fluctuation.
LiCuVO 4 13) is one of the model compound for the frustrated ferromagnetic chain. As shown in Fig. 1 the CuO plaquette forms 1D S = 1/2 chain in the crystallographic b direction.
Considering the bond angle of Cu-O-Cu ∼ 90 • , nearest neighbor interaction is presumed to be ferromagnetic 14, 15) and next nearest neighbor (NNN) interaction be antiferromagnetic(AF).
The magnetic susceptibility showed typical behavior of 1D frustrated magnet, i.e., broad maximum due to AF short-range fluctuation at T max = 28K 16) was observed. At T ≤ T N = 2.3 K incommensurate magnetic order with propagation vector k sp = (0 0.532 0) was identified. 17) Neutron diffraction elucidates the spiral structure in the ab plane at zero field 17) and also at small field H ≤ 3.5 T. 22, 23) as summarized in the Table I . The realized spin model is weakly coupled ferromagnetic frustrated chains with NNN AF interaction as is presumed from crystal structure.
In magnetic field a phase transition was reported at a critical field H c ∼ 7.5 T 24) and a spinmodulated collinear structure was proposed from the simulation of NMR spectra. 16, 25) The collinearity was confirmed also by the electric polarization measurement, i.e., the ferroelectric polarization accompanied with the spiral order thorough spin current mechanism 26) disappears in the high field phase. 27) We think that this high field phase is related to SDW2 state in the magnetic quadrupole phase [9] [10] [11] and the low field spiral phase is related to VC phase. For the statement, however, the direct observation of the spin correlation by neutron diffraction is required, which has been missed so far.
In this paper we study the high field phase by neutron diffraction technique. With increasing field we found the disappearance of the ab spiral structure and we observed the appearance of a new Bragg peak at H ≥ 8.5 T. The propagation vector of the new peak has field dependence obeying k = 2k F and, thus, the new phase is identified with the SDW2-LRO induced by interchain interaction.
For the sample preparation we used 7 Li 2 CO 3 isotope to reduce large neutron absorption by anisotropy of g-tensor and easy-axis two-ion-anisotropy. 28, 29) At T ≤ T N the χ decreases in the a and b direction. Néel temperature is determined to be 2.3 K from the peak top of d(χT )/dT , 30) which is consistent with previous report. 16) To obtain the field dependence of magnetic Bragg peak neutron diffraction profiles at
The field is applied perpendicular to the ab spiral plane and there is no spiral plane flop as observed in H a or b. 16 ) At H = 7.5 T a peak (peak 1) is observed at k ∼ 0.465 as shown in Fig.3 . The peak position is consistent with those obtained in previous experiments performed at H ≤ 3.5 T. [17] [18] [19] With the increasing H the peak 1 is suppressed and a new peak (peak 2) appears at k ∼ 0.438 at 8.5 T. Since the field agrees with phase boundary between spiral and collinear spin-modulated phases, 16, 22, 24, 25) the peak 2 is ascribed to the collinear structure. With the increase of H the intensity of the peak 2 increases and its position changes. Coexistence of two peaks at 8.5 T ≤ H ≤ 9 T means that the phase transition is of 1st order. The peak 1 totally disappears at 10 T.
The peak positions are plotted as a function of H in Fig. 4(a) . The wave vector of the peak by the characteristic vector.
The intensities for peak 1 and 2 are plotted in Fig. 4 (b) . The intensity of the peak 2 is significantly suppressed. Here we will roughly estimate the magnitude of the magnetic state in the absence of ferromagnetic interaction. Instead one magnon is the dominant quasiparticle in low energy. Hence the density of one magnon, ρ = (1/2 − S z ), should be used for the calculation of s z 0 s z l and then the characteristic vector is 2k F = 2π(1/2 − S z ). 31) In contrast in LiCuVO 4 it is the bound two magnon that dominates the low energy excitation.
The density of two magnon is a half of one magnon, ρ = 1/2(1/2 − S z ), and the propagation vector is differently expressed.
In DMRG calculation 9) the phase boundary between vector chiral and SDW2 phases are determined by the M c ≡ m(H c )/m(H sat ) at which the magnetization step changes from ∆S z = 1 to ∆S z = 2. There is a discontinuous jump at H c for α ∼ 2.4 in the calculation size L = 168 9) and the authors predict the 1st order transition. Though the previous magnetization measurements did not detect hysteresis behavior 22, 24) probably because of the smallness, our neutron diffraction data clearly shows that the spiral and SDW phases coexists at H c and the phase transition is of 1st order.
Previously reported value of α ≡ |J 1 |/J 2 is 0.3 ∼ 1.3 as summarized in Table I . In the theoretical M -α phase diagram for ideal 1D chain, the phase boundary between vector chiral and SDW2 is M c ≤ 0.05. 9, 10) On the other hand from the magnetization measurement M c ∼ 0.12 was reported 22) 
